A Genetically Encoded Ratiometric Indicator for Chloride Capturing Chloride Transients in Cultured Hippocampal Neurons by Kuner, Thomas & Augustine, George J.
Neuron, Vol. 27, 447–459, September, 2000, Copyright ª 2000 by Cell Press
NeurotechniqueA Genetically Encoded Ratiometric
Indicator for Chloride: Capturing Chloride
Transients in Cultured Hippocampal Neurons
(Simon et al., 1996), and hyperekplexia/startle disease
(Shiang et al., 1993).
Despite the physiological importance of [Cl2]i, only a
few studies have reported direct measurements of [Cl2]i
in acutely isolated ganglia (Ascher et al., 1976; Ballanyi
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and Grafe, 1985), neuromuscular preparations (Kaila et
al., 1992), dissociated neurons (Engblom et al., 1991;Summary
Inoue et al., 1991; Hara et al., 1992; Dallwig et al., 1999),
or brain slices (Schwartz and Yu, 1995; Frech et al., 1999;We constructed a novel optical indicator for chloride
Inglefield and Schwartz-Bloom, 1999). This is largely dueions by fusing the chloride-sensitive yellow fluores-
to limitations in the experimental approaches availablecent protein with the chloride-insensitive cyan fluores-
to study [Cl2]i. For example, Cl2-selective electrodescent protein. The ratio of FRET-dependent emission
(Thomas, 1978) can only be used inside large cells andof these fluorophores varied in proportion to the con-
offer limited selectivity. Radioactive tracers (Harris andcentration of Cl2 and was used to measure intracellu-
Allan, 1985; Schwartz et al., 1985) are not very sensitive,lar chloride concentration ([Cl2]i) in cultured hippo-
have limited time resolution, and typically report Cl2campal neurons. [Cl2]i decreased during neuronal
fluxes rather than [Cl2]i. Only optical methods offer thedevelopment, consistent with the shift from excitation
potential for spatially resolved measurements of [Cl2]i.to inhibition during maturation of GABAergic syn-
Cl2 indicator dyes adequate for detecting changes inapses. Focal activation of GABAA receptors caused
Cl2 have been developed, but determining absolute Cl2large changes in [Cl2]i that could underlie use-depen-
concentrations remains difficult (summarized in Ingle-dent depression of GABA-dependent synaptic trans-
field and Schwartz-Bloom, 1999) despite recent synthe-mission. GABA-induced changes in somatic [Cl2]i
sis of a ratiometric Cl2 indicator (Jayaraman et al., 1999).spread into dendrites, suggesting that [Cl2]i can signal
These organic Cl2 indicators cannot take advantage ofthe location of synaptic activity. This genetically en-
genetic methods of targeting and need to be deliveredcoded indicator will permit new approaches ranging
into cells by potentially disruptive methods. In addition,from high-throughput drug screening to direct re-
organic dyes can be toxic and often are poorly retainedcordings of synaptic Cl2 signals in vivo.
within cells.
While using fluorescence resonance energy transferIntroduction
(FRET) to study protein–protein interactions, we ob-
served that the efficiency of FRET between the cyanChloride ions subserve many physiological functions,
fluorescent protein (CFP) and yellow fluorescent proteinincluding regulation of cell volume, intracellular pH, fluid
(YFP) was sensitive to Cl2. Here, we demonstate that asecretion, and stabilization of the resting membrane po-
fusion protein containing these two fluorophores cantential. In mature neurons, Cl2 is the main mediator of
be used as a ratiometric, targetable, and geneticallysynaptic inhibition because both GABA and glycine acti-
encoded Cl2 indicator. Further, we demonstrate the util-vate Cl2 selective ion channels to generate postsynaptic
ity of this protein as a reporter of [Cl2]i in cultured hippo-electrical signals. Developmental regulation of intracel-
campal neurons. We show that [Cl2]i decreases duringlular Cl2 concentration ([Cl2]i) apparently determines neural development, dropping from essentially extracel-whether GABAergic synapses excite or inhibit their post-
lular concentrations at embryonic day 18 to an ordersynaptic target (Cherubini et al., 1991; Rivera et al.,
of magnitude lower by postnatal day 14. Finally, we1999). A switch between inhibition and excitation also
demonstrate that GABAA receptor–mediated Cl2 fluxesoccurs during sustained activation of GABA receptors
can substantially change [Cl2]i in the soma of a neuron(Barker and Ransom, 1978; Alger and Nicoll, 1979), due
and can spread into the dendrites. Such transients mayto an accumulation of Cl2 and subsequent local collapse
affect the regional balance of dendritic inhibition andof the Cl2 gradient (Staley et al., 1995; Staley and Proc-
excitation, suggesting a possible functional role for Cl2tor, 1999). Other dynamic changes in [Cl2]i may regulate transients in intracellular signaling. The favorable func-signal transduction in olfactory neurons (Nakamura et
tional attributes of the indicator, combined with the pos-al., 1997), astrocytes (Bekar and Walz, 1999), and hypo-
sibility of genetically targeted expression, will permitthalamic neurons (Wagner et al., 1997). Several human
novel experimental analyses of the physiological func-diseases have been linked to dysfunctional Cl2 homeo-
tions of Cl2 in cells, tissues, and animals.stasis, including cystic fibrosis (Kerem et al., 1989), myo-
tonia congenita (Koch et al., 1992), inherited hypercalci-
Resultsuric nephrolithiasis (Lloyd et al., 1996), Bartter syndrome
The ratiometric indicator is based on the coupling of
*To whom correspondence should be addressed (e-mail: georgea@ CFP with YFP via a flexible peptide linker (Figure 1A).
neuro.duke.edu).
When expressed in bacteria, this construct gave rise to† Present address: Max-Planck-Institute for Medical Research,
a z59 kDa fusion protein that could be purified via itsAbteilung Zellphysiologie, Jahnstrasse 29, 69126 Heidelberg,
Germany. histidine tag (Figure 1B). Illumination of recombinant
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Figure 1. Design and Basic Properties of
Clomeleon
(A) Structure of Clomeleon. The sequence
recognized by the rTEV protease is under-
lined.
(B) Purified recombinant Clomeleon protein
(molecular weight z59 kDa) analyzed on a
SDS–PAGE gel stained with Coomassie blue.
The faint band at 30 kDa is likely to represent
individual CFP and YFP molecules generated
by hydrolytic cleavage of the linker.
(C) Emission spectra of Clomeleon in the
presence of different [Cl2]. In all cases, the
recombinant protein was excited at 434 nm
and the emission spectra were normalized to
their peaks at 527 nm.
(D) Lack of effect of gluconate on Clomeleon
emission spectra (434 nm excitation).
(E) Emission spectra of recombinant CFP and
YFP excited at 434 nm and 510 nm, respec-
tively. Fluorescence signals are normalized
to the peak of the spectra determined in the
absence of Cl2.
(F) The relationship between fluorescence
emission ratio (527 nm/485 nm) and [Cl2].
Points indicate mean 6 SEM (n 5 3, same
batch of protein) and the line is an exponential
function fit to the data.
protein at 434 nm resulted in emission of the CFP fluoro- close to 1 (Table 1), suggesting the presence of a single
halide interaction site on each Clomeleon molecule.phore at 485 nm and emission of the YFP fluorophore
at 527 nm (Figure 1C, thick line). Cleavage of the peptide Among the other anions that were tested, 150 mM NO32
strongly inhibited Clomeleon fluorescence but is unlikelylinker with rTEV protease resulted in an increase of the
donor fluorescence at 485 nm and a loss of the acceptor to be present within cells at such a high concentration
(Table 1). The other anions had only small effects on Rfluorescence at 527 nm (data not shown), demonstrating
that emission at 527 nm was induced via FRET from at this supraphysiological concentration (Table 1). Clo-
meleon was insensitive to the cation listed in Table 1,CFP to YFP.
The ratio of fluorescence emission of the YFP ac- except for Cd21, which potentiated the fluorescence ra-
tio 2.5-fold. Hence, among these ions, only Cl2 is likelyceptor to that of the CFP donor (R 5 F527/F485) depended
on the concentration of potassium chloride in the solu- to interact with Clomeleon inside cells.
Because the fluorescence of YFP is known to betion (Figure 1C). This ratio decreased from 2.45 6 0.37
(mean 6 SEM, three different protein preparations) in strongly dependent on pH (Tsien, 1998), we investigated
whether H1 influences the interaction of Clomeleon withwater to 0.55 6 0.06 in the presence of 500 mM potas-
sium chloride (Figure 1C, stippled line). In the presence Cl2. The relationship between Clomeleon fluorescence
and [Cl2] was measured at different pH values over theof equivalent concentrations of potassium gluconate,
the ratios remained largely unchanged (Figure 1D), indi- physiologically relevant range of 7.0–7.8. Cl2 was more
effective in quenching Clomeleon fluorescence at highcating that the changes in R produced by potassium
chloride are mediated by Cl2. This Cl2-induced de- concentrations of H1 (Figure 2B). The parallel shift of
the Cl2 titration curves suggests that H1 and Cl2 interactcrease in the apparent FRET efficiency is due to a selec-
tive quenching of YFP fluorescence: YFP fluorescence allosterically to produce such a synergistic effect. Re-
plotting these data as a function of pH emphasizes thatwas sensitive to Cl2, while Cl2 had no significant effect
on the fluorescence emitted by CFP (Figure 1E). Increas- the sensitivity of Clomeleon to H1 depends upon [Cl2],
being low at 10 mM [Cl2] and high at 150 mM [Cl2] (Figureing [Cl2] produced a monotonic reduction in R (Figure
1F). Half-maximal reduction in R occurred at z160 mM, 2C). The influence of protons on the Cl2 sensitivity of
Clomeleon caused the IC50 for Cl2 to shift 10-fold for aand R was saturated at [Cl2] higher than 500 mM. We
have named this Cl2 indicator Clomeleon, an allusion to pH change of one unit (Figure 2D). As a result, if Clome-
leon were calibrated at pH 7.4, changing the pH by 0.2the FRET-based, genetically encoded calcium indicator
Cameleon (Miyawaki et al., 1997). units (without recalibrating the indicator) would cause
the apparent [Cl2] to change only a few millimolar forAlthough Clomeleon is insensitive to gluconate, we
wanted to know whether it was sensitive to other anions. [Cl2] less than 50 mM but would result in large deviations
at 150 mM [Cl2] (Figure 2E). Thus, the effects of pH onHalides strongly inhibited Clomeleon fluorescence, with
Cl2 the least potent and F2 the most potent. The affinity Clomeleon fluorescence are especially prominent when
measuring [Cl2] greater than 50 mM. The errors intro-of Clomeleon for these halides varied in the sequence
F2 . I2 . Br2 . Cl2 (Figure 2A). Halide titration curves duced by large pH shifts, without recalibrating the indi-
cator, remains below 20% at [Cl2] below 25 mM butwere fit with the Hill equation and yielded Hill coefficients
Neurotechnique
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Figure 2. Ion Sensitivity of Chlomeleon
(A) Titration curves for recombinant Clome-
leon protein in the presence of various halide
ions. Symbols designate mean 6 SEM of
three to five independent experiments using
two different batches of protein and two dif-
ferent sets of solutions. The lines are fits to
the Hill equation with parameters listed in Ta-
ble 1. The ratios were normalized for each
experiment to Rmax obtained in 150 mM potas-
sium gluconate solution and Rmin obtained in
150 mM KF solution.
(B) Parallel shifts of the Cl2 titration curves
at various H1 concentrations. Each data point
represents the mean 6 SEM of three experi-
ments. Data normalization as in (A).
(C) Influence of Cl2 on H1 sensitivity of Clo-
meleon fluorescence ratio. From data shown
in (B).
(D) Relationship between pH and IC50 for Cl2
quenching of Clomeleon.
(E) Shifts in the readout of [Cl2] by Clomeleon
if the indicator was calibrated at pH 7.4 but
used at the indicated pH values.
(F) Relative error in the readout of [Cl2] at pH
7.2 and pH 7.6 for the case where Clomeleon
is calibrated at pH 7.4. Calculated from data
shown in (E).
approach 50% for decreases in pH at [Cl2] of 150 mM described as [Cl2] 5 K9d • (Rmax 2 R)/(R 2 Rmin), with
Rmax 5 2.39, Rmin 5 0.49, and K9d 5 87 mM. This calibrationor more (Figure 2F).
curve could then be used to convert R values measured
in hippocampal neurons into [Cl2]i.Clomeleon Reports Cl2 Concentration in Cultured
Hippocampal Neurons
The in vitro data presented above suggests that Clome- Clomeleon Captures [Cl2]i Switch
during Neuronal Developmentleon should be suitable as an indicator of intracellular
Cl2 concentration ([Cl2]i) in living cells. To examine this In embryonic neurons, GABA elicits depolarizing cur-
rents, whereas in adult neurons, these currents are hy-possibility, we expressed Clomeleon in cultured hippo-
campal neurons by electroporation (Teruel et al., 1999) perpolarizing (Cherubini et al., 1991). This develop-
mental switch is paralleled by changes in [Cl2]i, createdof an expression plasmid carrying the coding region
of Clomeleon under the control of a CMV promoter. by the regulated expression of Cl2 transporters (Rivera
et al., 1999). We sought to use Clomeleon to directlyExpression of Clomeleon was routinely observed 24 hr
after electroporation and was maintained at high levels measure [Cl2]i during the development of cultured hip-
pocampal neurons. Cells maintained in culture for 2–4for at least 5 days. Neurons expressing Clomeleon ex-
hibited homogeneous fluorescence throughout each days were used to assess [Cl2]i at developmental stages
embryonic day 18 (E18) to postnatal day 4 (P4). Forcell, including the soma, nucleus, proximal, and distal
dendrites (Figure 3A). Therefore, measurements of Clo- example, E20 includes measurements from neurons and
glial cells prepared from rats that were at developmentalmeleon fluorescence are likely to reflect the average
[Cl2]i in each of these compartments. stages E16 and E18. Measurements for later stages,
P8–P14, were made on cells maintained in culture forTo calibrate the fluorescence of Clomeleon within
these neurons, R was measured while using a patch 4–10 days. For each stage, 5–15 cells were selected
randomly, and [Cl2]i was calculated from R measuredpipette to manipulate the cytoplasmic concentration of
anions (Figure 3B). A nominally Cl2-free solution con- at the soma of each cell. [Cl2]i in glial cells was quite
low early in development and did not change signifi-taining 150 mM gluconate was used to determine the
maximal emission ratio for Clomeleon (Rmax), whereas a cantly over the first postnatal week (Figure 4, open sym-
bols). In contrast, neuronal [Cl2]i was much higher (z140solution containing a saturating concentration (150 mM)
of F2 defined the minimal emission ratio (Rmin). The rela- mM) at E18, the earliest embryonic stage considered
(Figure 4, filled symbols). [Cl2]i decreased to about 60tionship between R and intermediate values of [Cl2]i was
then determined (Figure 3C). This relationship could be mM at P0 and then further decreased to about 20 mM
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Table 1. Halide Sensitivity and Ionic Selectivity of Clomeleon
Halide IC50 (mM) Hill Coefficient Number of Determinations
F2 5.9 6 2.4 1.25 6 0.09 (3)
Cl2 167 6 13 0.87 6 0.07 (5)
Br2 111 6 21 0.82 6 0.09 (3)
I2 46 6 14 0.90 6 0.07 (3)
Aniona Ratio compared to H2O
H2O 1.00
Gluconate 0.87 6 0.02
Glutamate 0.83 6 0.01
HCO32 0.74 6 0.04
ATP22 0.73 6 0.06
Methylsulfate 0.71 6 0.05
PO422 0.68 6 0.01
SO422 0.68 6 0.04
Cl2 0.58 6 0.02
NO32 0.42 6 0.05
Cationb Ratio Compared to KCl Solution
K1 1.00
Na1 0.99 6 0.01
Cs1 0.95 6 0.02
Li1 1.02 6 0.03
Ca21 0.92 6 0.03
Mg21 0.94 6 0.01
Mn21 0.93 6 0.03
Sr21 0.92 6 0.04
Ba21 0.94 6 0.05
Co21 0.93 6 0.03
Cd21 2.57 6 0.42
All values mean 6 SEM (n 5 3) unless stated otherwise.
a All solutions contained 150 mM anion, except for ATP22 (10 mM), plus 10 mM HEPES pH 7.4.
b All solutions contained 160 mM Cl2, either 160 mM monovalent cations or 10 mM divalent cations, plus 10 mM HEPES pH 7.4.
at P14. This temporal profile of [Cl2]i is consistent with z1 s and reached baseline z10 s after the Cl2 current
ceased. The slowed time course of the change in intra-the developmental switch in GABA-mediated synaptic
transmission reported in neurons from several brain re- cellular Cl2 concentration, in comparison to the current
signal, is likely to be limited by several factors, includinggions (Cherubini et al., 1991). These results demonstrate
that Clomeleon is capable of reporting resting [Cl2]i in the kinetics of Cl2 binding by Clomeleon and the rate
at which Cl2 is removed from the cell.living cells.
The experiment shown in Figure 5A was repeated
in the same cell, except the membrane potential wasGABA Activated Cl2 Transients Measured
by Clomeleon hyperpolarized to 280 mV to create electrochemical
conditions that produce an efflux of Cl2. In this case,Cl2-sensitive microelectrodes have been used to re-
solve transient changes in [Cl2]i resulting from activation GABA application elicited an inward Cl2 current (Figure
5B). This current was briefer in duration than at depolar-of GABA receptors (Ballanyi and Grafe, 1985; Kaila et al.,
1992). We next asked whether Clomeleon could detect ized potentials, at least in part due to the voltage-depen-
dent gating behavior of GABAA receptor channels (Bor-such signals in cultured hippocampal neurons. For this
purpose, brief pulses of GABA were applied, via pres- mann et al., 1987). The GABA-induced efflux of Cl2 led
to a decrease in [Cl2]i that again was slightly delayedsure, from a micropipette positioned within 10–30 mm
of the soma of individual neurons. Whole-cell patch- in onset relative to the GABA-induced Cl2 current and
returned to baseline within 15 s after the end of thisclamp recordings were used to measure electrical cur-
rents elicited by such focal applications of GABA and current.
The magnitude of the changes in [Cl2]i reported byfluorescence signals were simultaneously recorded
from the soma of the neurons. Clomeleon correlated with the size of the measured Cl2
currents. The relationship between the amplitude of out-An example of the simultaneous measurement of
GABA-induced Cl2 currents and changes in [Cl2]i is ward Cl2 currents and the resultant rises in [Cl2]i is
summarized in Figure 5C. Currents as small as 100 pAshown in Figure 5A. In this experiment, the cell was held
at a membrane potential of 160 mV to create a large produced detectable changes in [Cl2]i that ranged from
10–20 mM, depending on the size of the neuron, whiledriving force for Cl2 influx. When GABA was applied
to the neuron (triangle), a large outward Cl2 current currents larger than 500 pA generated changes in [Cl2]i
that were as large as 90 mM. This correlation suggestsdeveloped (continuous line), causing intracellular Cl2
concentration to increase from its resting value of 15 that the measured changes in the fluorescence of Clo-
meleon faithfully reflect changes in [Cl2]i. As an addi-mM up to 85 mM at the peak of the response (filled
circles). The rise in [Cl2]i occurred with a short delay of tional way to validate our measurements of [Cl2]i, we
Neurotechnique
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Figure 3. Expression of Clomeleon in Cul-
tured Hippocampal Neurons and Calibration
of [Cl2]i
(A) Images of a hippocampal neuron express-
ing Clomeleon; right panel shows magnified
regions of the same neuron.
(B) Diffusional exchange of [Cl2]i with patch
pipette solutions to determine Rmin and Rmax.
(C) Fluorescence ratios as a function of neu-
ronal [Cl2]i. Symbols represent the mean 6
SEM of five to eight independent experi-
ments. The line was calculated from the equa-
tion [Cl2] 5 87 mM • (2.39 – R)/(R – 0.49).
used the fluxes of Cl2, determined from the recorded To consider this possibility, we used the ratiometric pH
indicator BCECF (Rink et al., 1982) to measure intracellu-Cl2 currents, to predict the resultant change in [Cl2]i.
Figure 5D illustrates an example of this prediction, taken lar pH during GABA application (Figure 5E). In eight
experiments, GABA-induced Cl2 currents similar infrom the experiment shown in Figure 5B. The amount
of Cl2 leaving the cell was determined by integrating magnitude to the examples shown above resulted in an
average decrease of the intracellular pH by 0.016 6the current elicited by GABA and was converted into a
change in [Cl2]i by dividing by the Faraday constant and 0.002 units. From the relationship shown in Figure 2E,
such a change in pH would affect our estimate of [Cl2]ithe cell’s volume of 1 pl (estimated from the dimensions
of the soma). The efflux of 30 fmoles Cl2 was predicted by no more than 0.17 mM. This is very small in compari-
son to the 40–60 mM rise in [Cl2]i that would be expectedto create a drop in [Cl2]i by about 30 mM (Figure 5D,
open circles) in remarkable agreement with the peak following such GABA-induced currents (Figure 5C).
Hence, the Clomeleon fluorescence signal we have mea-change in [Cl2]i measured in this experiment (Figure
5D, filled circles). At later times, the [Cl2]i reported by sured during GABA application essentially reflects only
changes in [Cl2]i.Clomeleon deviated from this prediction due to removal
of Cl2 from the cell. This correspondence shows the
ability of Clomeleon to measure [Cl2]i reliably. Cl2 Signaling in Dendrites
Localized Cl2 fluxes such as those occurring duringBecause Clomeleon is sensitive to pH (Figure 2), and
changes in [Cl2]i can affect intracellular pH (Hoffmann GABA action could modify [Cl2]i throughout the neuron.
To examine this possibility, we looked at the spatialand Simonsen, 1989), it is possible that some of the
signal reported by Clomeleon following GABA applica- spread of GABA-induced changes in [Cl2]i within individ-
ual pyramidal neurons kept in culture for 12–16 days.tion could be due to changes in pH rather than [Cl2]i.
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of the Cl2 transients also correlated with the distance
from the soma, with [Cl2]i returning to baseline slowest in
the distant dendritic region. Thus, activation of somatic
GABAA receptor channels can create dendritic Cl2 tran-
sients that outlast the initial current response. These
changes in [Cl2]i are of sufficient magnitude to tran-
siently shift the equilibrium potential for chloride (ECl);
for example, a rise in [Cl2]i from 10 mM to 30 mM will
shift ECl from 268 mV to 233 mV. For a neuron with a
resting potential of 260 mV, such a change in ECl will
cause a GABAergic synaptic input to switch from inhibi-
tory to excitatory. Thus, we conclude that activation of
GABA receptors can produce shifts in ECl that can affectFigure 4. Developmental Time Course of Intracellular Cl2 Concen-
the magnitude and polarity of Cl2-dependent synaptictration
transmission. Further, these shifts can spread beyondSymbols represent the mean 6 SEM of 5–15 measurements on
the site of Cl2 influx into nearby regions of the neuron.neurons and 3–5 measurements on glia.
Discussion
We first examined the possibility of gradients in resting
Here, we introduce Clomeleon, a genetically encodable,[Cl2]i within these neurons. The average somatic [Cl2]i
ratiometric Cl2 indicator and demonstrate its ability towas 7.9 6 2 mM (n 5 9), [Cl2]i was 7.0 6 3 mM (n 5 9)
measure intracellular Cl2 concentrations in cultured hip-in proximal dendrites up to 50 mm away from the somata,
pocampal neurons. Cl2 quenches the YFP moiety ofand [Cl2]i was 12.2 6 4 mM (n 5 9) at distances between
Clomeleon, resulting in a decrease in FRET efficiency50 and 150 mm from the somata. However, [Cl2]i was
that is measured as a decrease in the ratio of fluores-significantly (ANOVA, Neuman-Keuls test, p , 0.01) in-
cence emission between the YFP acceptor and CFPcreased to 25 6 5.5 mM (n 5 7) in peripheral dendrites
donor fluorophores. Clomeleon exhibited an IC50 for Cl2.250 mm from the soma. This measurement of [Cl2]i is
of 167 mM, which puts the dynamic range of this indica-unlikely to reflect a dendritic pH gradient rather than a
tor well within the range of physiological shifts in [Cl2]i.Cl2 gradient because pH would have to be at an improb-
While Clomeleon is sensitive to halides other than Cl2,able value of z6.4 to account for the lower R measured
physiologically relevant anions such as PO422, HCO32,in the distal dendrites (Figure 2E).
and ATP22 had only small effects at concentrationsWe next asked whether focal application of GABA
much higher than those found in cytoplasm. Apart fromonto the soma of a neuron could alter [Cl2]i in other
Cd21 and H1, none of the cations tested affected Clome-regions of the neuron. The arrangement of these experi-
leon fluorescence. Cd21 caused a strong potentiationments is shown in the left panel of Figure 6. To restrict
of YFP fluorescence at high concentrations (10 mM),the application of GABA to the cell body of the neuron,
whereas increasing concentrations of H1 enhanced thean application pipette containing 1 mM GABA was
sensitivity of Clomeleon for Cl2. However, even largeplaced close to the soma and a suction pipette was
shifts in pH caused relatively small changes in the appar-placed nearby to aspirate the GABA solution before it
ent affinity of Clomeleon for Cl2 at [Cl2] below 50 mMcould diffuse to other parts of the cell (Bekkers et al.,
(Figure 2). The properties described here make Clome-1990). Moving the application pipette 25 mm away from
leon well-suited as a tool to measure [Cl2]i in a widethe soma resulted in a drop of the current responses to
variety of cells.,10% of the value recorded when the soma was fully
exposed to the solution stream, indicating that GABA
application was restricted to a small volume between Clomeleon as a Ratiometric Cl2 Indicator
The ability of Clomeleon to serve as a ratiometric indica-the tips of the application and suction pipettes. GABA
was applied locally onto the soma, while [Cl2]i was re- tor is based on FRET between the fluorophores of CFP
and YFP. The fact that CFP and YFP are differentiallycorded serially at three regions along a single primary
dendrite, starting with the most distal region. Cl2 influx sensitive to Cl2 causes the ratio of fluorescence emis-
sion to change in response to [Cl2]. Quenching of YFPthrough somatic GABAA receptor channels led to a large
outward current, measured by a patch pipette (Figure by Cl2 has been reported independently (Wachter and
Remington, 1999), and a variant of YFP, YFP-H148Q,6, right panel). In addition to elevating [Cl2]i within the
cell body, the GABA-induced influx of Cl2 also increased has been proposed as a genetically encoded indicator
for [Cl2] (Jayaraman et al., 2000). Although Clomeleon[Cl2]i in the dendrite. In the cell shown in Figure 6 (right
panel), [Cl2]i increased by z35 mM within the soma, by and YFP-H148Q share the same mechanism of Cl2 sen-
sitivity, YFP-H148Q does not permit ratiometric mea-z30 mM close to the soma, and by z10 mM at a distance
of 140 mm. The timing of the peaks of these responses surements. A second chloride-dependent peak occurs
around 400 nm in the absorbance spectrum of YFPscorrelated with the distance from the soma: at the most
distant site (140 mm), the maximal increase in [Cl2]i was (e.g., Figure 1C; Jayaraman et al., 2000). This peak can-
not be used for ratiometric imaging because it is promi-reached in 7 s, after 4 s at an intermediate distance (70
mm), and within 2.5 s near the soma (10 mm). These nent only under conditions of low pH and does not result
in the emission of fluorescence (data not shown). Thus,values are consistent with Cl2 having an intracellular
diffusion coefficient of z2 3 1025 cm2 s21, close to the our work harnesses quenching of YFP to produce a
ratiometric indicator by fusing it with the Cl2-insensitivediffusion coefficient of Cl2 in free solution. The decay
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Figure 5. GABA Mediated Cl2 Currents and Concurrent Changes in [Cl2]i
(A) GABA-induced current elicited at a membrane potential of 160 mV (thin line). A 25 ms long pulse of 1 mM GABA was applied at t 5 4
s (triangle). Cl2 concentrations (filled circles) were calculated using the calibration curve shown in Figure 3C.
(B) GABA responses detected at a membrane potential of 280 mV.
(C) Relationship between the peak amplitudes of GABA-induced currents and changes in [Cl2]i. Each symbol was obtained from an independent
experiment.
(D) Change in [Cl2]i predicted from the integral of the GABA-induced current shown in (B) compared with the measured change in [Cl2]i.
(E) Measurement of pH (diamonds) in a hippocampal neuron during the GABA-induced current response (thin line) elicited at a membrane
potential of 130 mV.
CFP. The ratiometric capabilities of Clomeleon allow anions (such as gluconate) sometimes used in electro-
physiological recordings. (4) Loading of Clomeleon intooptical measurements that are minimally influenced by
the thickness of the specimen, intensity of the excitation cultured cells, tissues, and animals can be achieved by
conventional methods of gene transfer, as well as bylight, or concentration of the indicator (Bright et al.,
1989). This, in turn, makes it possible to accurately deter- microinjection. (5) The relatively high molecular mass of
Clomeleon (z59 kDa) retards diffusion of the indicator,mine absolute Cl2 concentrations even in cells with
complicated geometry, such as neurons. preventing the indicator from rapidly collapsing spatial
gradients of Cl2. This slow diffusion of Clomeleon alsoClomeleon has several other features that are advan-
tageous for measuring [Cl2]i. (1) This indicator utilizes retards the wash-out of Clomeleon from cytoplasm dur-
ing whole-cell patch-clamp recordings, such as thoseexcitation light in the visible range, thereby avoiding
strong autofluorescence and phototoxicity typically oc- shown in Figures 5 and 6. (In neurons that are imaged
without simultaneous electrophysiological recordings,curring with near-UV illumination. (2) The high absorban-
ces and quantum yields of CFP and YFP establish a indicator levels will remain constant over hours.) (6) The
fact that Clomeleon is a genetically encoded indicatorgood signal-to-noise ratio at low indicator concentra-
tions. Because the concentration of the indicator is only should allow it to be targeted to specific cell types, by
cell-specific promoters, or to defined cellular compart-a few micromolar—about 103–105 times lower than the
concentration of Cl2—it is easy to avoid the sort of ments by fusion to short sequence tags (e.g., palmitoyla-
tion) or proteins of known location.buffering effects that plague fluorescence measure-
ments of intracellular calcium (Neher and Augustine, While a clear advance over previous Cl2-sensitive in-
dicators, Clomeleon still has some potential limitations.1992). (3) Clomeleon is not affected by other physiologi-
cally relevant anions, including the somewhat exotic One is that Clomeleon is sensitive to pH, which influ-
Neuron
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One is that the time course of its response to [Cl2]
changes is somewhat slow. For example, in the experi-
ments shown in Figures 5 and 6, measured rises in [Cl2]i
lagged behind GABA-induced Cl2 fluxes by one sam-
pling point (1 s). This lag is due to the kinetics of Cl2
binding by YFP, which binds Cl2 over a time course of
z100 ms (depending on pH and [Cl2]; Jayaraman et al.,
2000). This must be kept in mind when attempting to
measure extremely rapid changes in [Cl2]. A second
potential problem is that the YFP and CFP fluorophores
of Clomeleon can bleach at different rates, which would
distort calibration of the indicator signal. Specifically,
YFP bleaches faster than CFP (data not shown) and
such differential bleaching will cause overestimation of
[Cl2]i by reducing the emission ratio. In practice, it is
not difficult to measure Clomeleon fluorescence at light
levels where bleaching is minimal (see Experimental
Procedures). Finally, the Cl2 affinity of Clomeleon—
approximately 90 mM inside hippocampal neurons (Fig-
ure 3C)—is 4- to 10-fold lower than [Cl2]i, somewhat
limiting the response of the indicator around resting
[Cl2]i levels. This is not a severe problem because our
results show that it is even possible to measure declines
in [Cl2]i (e.g., Figure 5B). Further, this low affinity could
also make Clomeleon useful for measuring extracellularFigure 6. Dendritic Cl2 Signaling
[Cl2], for example, in screening for defective Cl2 fluxesLeft: Diagram of arrangement for locally applying GABA onto a hip-
in cystic fibrosis (Kerem et al., 1989). If these propertiespocampal neuron. Right: Cl2 transients (thick lines) recorded from
the regions marked on the left panel. GABA (1 mM GABA, 0.5 s) became limiting for certain applications, systematic mu-
was focally applied onto the soma of the neuron (triangles) at a tagenesis of Clomeleon probably could be used to select
holding potential of 10 mV and elicited the Cl2 currents shown by improved variants.
thin lines. Even with these limitations, the properties of Clome-
leon compare very favorably to those of the organic Cl2
indicators that have been developed (Table 2). Problemsences the affinity of the indicator for Cl2. All genetically
common to these quinolinium-derived indicators in-encoded indicators are at least somewhat influenced
clude toxic loading procedures, poor intracellular reten-by pH because GFP is intrinsically proton sensitive, like
tion, excitation with near-UV light, dim fluorescence,
most other proteins. The pH sensitivity of Clomeleon
and, for most, spectral properties incompatible with ra-
is similar to most ion-sensitive GFP derivatives (Tsien,
tiometric measurements of absolute [Cl2]. Some indi-
1998) and is significantly better than YFP-H148Q (Jayar-
cators circumvent one or another of these problems:
aman et al., 2000), which has a pKa very close to physio- for example, MEQ provides better intracellular reten-
logical pH (Table 2). Systematic mutagenesis of Clome- tion, Lucigenin is excited in the visible spectrum, and
leon should further improve its pH dependence to yield MQxyDMAQ allows ratiometric measurements (Table 2).
an indicator with even more favorable properties. In Nonetheless, no organic indicator serves as an optimal
practice, intracellular pH is tightly regulated in cells solution to all of these problems. Furthermore, most
(Amos and Richards, 1996) so that changes in intracellu- organic indicators are quenched by gluconate, an anion
lar pH usually will be too small to significantly affect that is often used for electrophysiological recordings.
Clomeleon fluorescence. Even relatively large changes Thus, in almost every respect Clomeleon is preferable
in pH (e.g., 0.2 unit changes from pH 7.4) would cause over existing indicators for measurements of [Cl2]i. The
almost no deviations when recording small [Cl2], organic indicators do, however, have two clear advan-
whereas at concentrations .50 mM, such changes in tages over Clomeleon: most are insensitive to pH
pH can significantly affect indicator readout (Figures changes and respond very rapidly (,1 ms) to changes
2E and 2F). Larger pH changes would produce larger in [Cl2].
apparent changes in [Cl2], especially at high [Cl2], but Since its first application as a reporter for gene expres-
are unlikely to occur in healthy neurons. It is important sion (Chalfie et al., 1994), GFP has been used in an
to emphasize that the influence of pH is most prevalent unprecedented variety of applications, including its use
in experimental conditions where pH is not directly con- as an indicator for protease activity (Heim and Tsien,
trolled, such as when measuring [Cl2] in vivo. But when 1996), pH (Kneen et al., 1998), and Ca21 (Miyawaki et
whole-cell patch pipettes are used, as in the experi- al., 1997; Romoser et al., 1997). Our results, along with
ments shown in Figures 5 and 6, intracellular pH can be those of Wachter and Remington (1999) and Jayaraman
tightly clamped by the pH buffer of the internal solution. et al. (2000), provide a cautionary note by indicating that
In all applications, it will be important to calibrate Clo- applications involving yellow variants of GFP, such as
meleon at the physiological pH of the cell type under YFP, must take into consideration the effects of halides,
investigation. NO32 and Cd21 on the fluorescence properties of this
fluorophore.Clomeleon also has other, less significant limitations.
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Measuring [Cl2] in Cultured Hippocampal Neurons 1989) produced large changes in [Cl2]i for both inward
Expression of Clomeleon in cultured hippocampal neu- and outward Cl2 fluxes (Figures 5A and 5B). Such GABA-
rons by electroporation resulted in a homogeneously activated [Cl2]i shifts have been measured previously
distributed fluorescence signal, an important condition with Cl2-selective microelectrodes in rat sympathetic
for the measurement of cytoplasmic [Cl2]. Small den- neurons (Ballanyi and Grafe, 1985), crayfish muscle fi-
drites and spines were clearly visible, in principle making bers and neurons (Kaila, 1994), and cultured mouse oli-
it possible to investigate highly localized Cl2-based sig- godendrocytes (Hoppe and Kettenmann, 1989). Our op-
naling events. Our measurements of resting [Cl2]i in cul- tical measurements in hippocampal neurons reveal that
tured hippocampal neurons (7.9 6 2 mM in pyramidal such shifts in [Cl2]i outlast the GABA-induced currents
cells, 20 6 5 mM in an unselected sample of neurons by several seconds. Further, these shifts in [Cl2]i result
at P14) compare well with previously published values: in smaller current responses and further shifts in [Cl2]i
7 mM in hippocampal CA1 pyramidal cells (Staley and with subsequent activations of GABAA receptors (data
Proctor, 1999), 11.4 6 2.7 mM in cultured rat hippocam- not shown). A use-dependent depression of GABA-
pal neurons (Hara et al., 1992), and 29.9 6 4.4 mM (mean mediated inhibition (Wong and Watkins, 1982; McCarren
Cl2 activity 6 SD) in rat sympathetic neurons (Ballanyi and Alger, 1985; Thompson and Gahwiler, 1989), also
and Grafe, 1985). Consistent with the results of Hara et referred to as fading (Segal and Barker, 1984; Huguenard
al. (1992), who measured [Cl2]i of a bundle of fibers and Alger, 1986), has been attributed to dissipation of
originating from several neurons, we found a slightly the Cl2 driving force by Cl2 accumulation (Barker and
higher [Cl2]i (25 6 5.5 mM) in individual peripheral den- Ransom, 1978; Huguenard and Alger, 1986; Akaike et
drites. Thus, the soma and proximal dendrites of a pyra- al., 1987). Our observations are consistent with such a
midal neuron form a single [Cl2]i compartment, whereas mechanism, although in unclamped neurons the magni-
the very peripheral dendrites may form a compartment tude of depletion would be less pronounced than that
of higher [Cl2]i. seen under the voltage-clamp conditions used here. We
Although a developmental switch of GABA-mediated also demonstrated that increases in somatic [Cl2]i pro-
transmission from excitatory to inhibitory has been at- duced transient increases of [Cl2]i in the dendritic arbor
tributed to a concurrent change in [Cl2]i (Cherubini et (Figure 6). Thus, Cl2 fluxes into one region of a neuron
al., 1991, Rivera et al., 1999), it has not yet been directly can modify Cl2-based signaling elsewhere in the neuron,
documented that [Cl2]i changes during development. and as a consequence, GABAergic synaptic input onto
Here, we show that [Cl2]i drops dramatically between a neighboring region of a dendrite may be transiently
developmental stages E18 and P14 (Figure 4). Though interpreted as excitatory. Such diffusing intracellular Cl2
we did not measure intracellular pH at all of these ages, transients may provide a novel mechanism in the electri-
it has been reported that the pH of neurons changes very cal computations performed by a neuron, analogous to
little over development (Bevensee et al., 1996). Thus, the passive spread of current during forward and back
the changes we report are likely due to developmental propagation of action potentials (Stuart and Sakmann,
changes in [Cl2]i rather than pH. While our measure- 1994).
ments were made in cultured neurons, whose develop- In conclusion, Clomeleon holds considerable promise
mental processes may deviate from those in vivo, the as a genetically encoded, ratiometric indicator of Cl2 in
changes in [Cl2]i that we have measured parallel those a multitude of cell types. Future applications may in-
thought to occur in vivo. Specifically, our results agree clude the screening of expression libraries for proteins
well with the predicted changes in ECl during the first modifying Cl2 homeostasis, high-throughput screening
postnatal week (Cherubini et al., 1991). They also echo of drug libraries, recordings of Cl2 at the internal opening
the temporal pattern of expression of a K1/Cl2 cotrans- of Cl2-selective ion channels, targeted expression in
porter that has been suggested to diminish [Cl2]i within specific tissues, cells, or subcellular compartments, re-
the first two postnatal weeks (Rivera et al., 1999). Thus,
cordings of extracellular [Cl2] in confined spaces such
our results are consistent with the notion that changes
as the synaptic cleft, and in vivo recordings of [Cl2] in
in [Cl2]i convert GABAergic synaptic inputs from excit- behaving animals.atory to inhibitory during development.
Clomeleon also allowed us to measure shifts in [Cl2]i Experimental Procedures
resulting from activation of GABA receptors. Simultane-
ous electrophysiological recordings indicated that GABA- Molecular Biology
A variant of the yellow fluorescent protein, topaz fluorescent proteininduced currents as small as 100 pA could produce
(TFP, [Ormo et al., 1996]: S65G, S72A, K79R, T203Y, H231L; muta-measurable changes in [Cl2]i. The agreement between
tions indicate deviations from the sequence of wild-type GFPchanges in [Cl2]i predicted from the integral of GABA- [Prasher et al., 1992]) was subcloned by PCR from pGFPtpz-N1
activated currents and the measured [Cl2]i signals (Fig- (Packard Instrument Company, Meriden, CT) into a vector derived
ure 5E) as well as the correlation between peak current from pQE30 (Qiagen, Chatsworth, CA) with an altered multiple clon-
amplitudes and maximal changes in [Cl2]i (Figure 5C) ing site designed for simple cassette-based generation of fusion
illustrate the fidelity of Clomeleon in reporting [Cl2]i proteins (pQE30-MTK; unpublished data). CFP (cyan fluorescent
protein: K26R, F64L, S65T, Y66W, N146I, M153T, V163A, N164H,transients. Furthermore, intracellular pH remained un-
H231L) was subcloned by PCR from pQE9-CFP (kindly provided bychanged during GABAA receptor–mediated Cl2 influx
R. Y. Tsien, University of California, San Diego) into pQE30-MTK.(Figure 5E), indicating that Clomeleon was reporting only
The tandem fusion construct (the C terminus of CFP linked with a
changes in [Cl2]i. spacer of 24 amino acids to the N terminus of TFP) was obtained
GABA-induced currents comparable in magnitude to by ligating 62 bp complementary oligonucleotides (CCGGTAGTGG
synaptically activated inhibitory postsynaptic currents CAGTGGTGAGAATTTGTACTTCCAAGGAGGCGGCAGCGGAG
GCA, CTAGTGCCTCCGCTGCCGCCTCCTTGGAAGTACAAATTCTCA(Brown and Johnston, 1983; Thompson and Gahwiler,
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CCACTGCCACTA) with two fragments carrying CFP and TFP resulting ID 1.1 mm, Sutter Instruments, Novato, CA) and had resistances of
2–5 MV in normal recording solutions. GABA (1 mM) was appliedin pQE30-Clomeleon. The linker contains a rTEV protease (Life Tech-
nologies) cleavage site (ENLYFQG). For CMV-driven expression in locally with a high-resistance pipette positioned close to the soma
of the neuron. GABA was ejected from pipettes by 10–50 ms nitrogencultured hippocampal neurons, an Ecl136II–HindIII fragment was
subcloned into the mammalian expression vector pRK5 (Schall et pulses (30–50 PSI) using a Picospritzer II (Parker Hannifin). For some
experiments, a suction pipette was positioned close to the applica-al., 1990) cut with SmaI–HindIII. The fusion protein encoded by this
construct does not contain the N-terminal MRGSHHHHHHGSA tion pipette to prevent diffusional spread of GABA. The GABA solu-
tion contained rhodamine dextran (Molecular Probes) to visualizeCELGT sequence, and the most C-terminal asparagine residue pres-
ent in the protein expressed in bacteria. All constructs were se- individual applications.
quenced over the entire length of the inserts.
Clomeleon was expressed in E. coli (XL1 blue, Stratagene, La Optical Measurements of Intracellular Cl2
Jolla, CA) and its hexahistidine tag was used to purify the protein Fluorescence microscopy was done on a FS600N upright micro-
via Nickel affinity chromatography (Qiagen). The purified protein was scope (Nikon, Melville, NY) using a 403 0.8 NA water immersion
.90% pure, as assessed by SDS–PAGE/Coomassie blue staining, objective and a 100 W mercury lamp (Osram, Germany) as a light
and was stored at a concentration of 5–10 mM in a buffer containing source. Neutral density filters were used to limit differential bleach-
100 mM KCl, 10 mM N-2-hydroxy-ethylpiperazine-N92-ethane-sul- ing of the fluorophores (absorbances of 0.6–1.42). Fluorescence was
fonic acid (HEPES) adjusted to pH 7.4 with KOH. elicited using light pulses of 30 ms duration generated with a Uniblitz
All optical measurements of recombinant Clomeleon were per- shutter (Vincent Associates, Rochester). Excitation light was passed
formed in a 100 ml quartz cuvette on a Fluoromax fluorometer (Spex through a 440 6 10 filter and reflected toward the sample with a
Industries, Edison, NJ). Before use, Clomeleon was concentrated dichroic mirror (cut-off 460 nm). Emission was split by a dichroic
and desalted using microcon spin columns (Millipore-Amicon). For mirror (cut-off 515 nm) into the donor channel (485 6 15 nm) and
measurements of Cl2 sensitivity, 0.5–1 ml of Clomeleon solution was the acceptor channel (530 6 15 nm). Filter cubes were obtained
diluted into 120 ml of the test solutions with defined Cl2 concentra- from Chroma Technology (Brattleboro, VT). Signals were recorded
tions. Solutions were adjusted such that fluorescence counts were with two photomultiplier tubes (model 814, Photon Technology Inter-
3 3 105 to 3 3 106. Solutions typically contained 20 HEPES, pH 7.4, national, Monmouth Junction, NJ) attached to a C-mounted housing
and the test anion with a total osmolarity of z320 mmol/kg. (model D-104, PTI) and digitized with the TL-1 interface. A rectangu-
lar region of interest was selected within the emission pathway using
an adjustable aperture. All [Cl2] are given as mean 6 SEM, unlessHippocampal Cell Culture and Gene Transfer
stated otherwise.Hippocampi from E16 to P4 Sprague–Dawley rats were dissected
and cultured on glass cover slips coated with 500 kDa MW poly-D-
pH Measurementslysine (Banker and Cowan, 1977). The culture medium consisted of
BCECF (Molecular Probes, OR) was used to determine intracellularminimal essential medium (MEM), 5% fetal bovine serum, B-27, and
pH. Excitation ratioing was performed at 440 6 10 nm and 480 6Mito1 serum extender (Collaborative Biomedical) at their suggested
10 nm, with an emission filter set to 530 6 15 nm. Calibrations wereconcentrations, 3.6 g/l glucose, penicillin/streptomycin (5 U/ml), and
carried out by bathing cells loaded with BCECF-AM in KCl solutions500 mM MEM sodium pyruvate (all reagents Life Technologies,
with pH values of 7.0, 7.2, 7.4, 7.6, and 7.8 in the presence of 10Rockville, MD). Chunks of tissue were treated with papain (25 U/ml,
mM nigericin (Molecular Probes) following the protocol describedWorthington Biochemical, Lakewood, NJ) for 30–60 min, triturated
by Boyarsky et al. (1988). The average intracellular pH of BCECF-using pipettes of successively smaller tip diameter, plated at densi-
loaded hippocampal neurons was 7.13 6 0.05 (n 5 13, mean 6ties of 20,000–50,000 per cover slip, and maintained in a 5% CO2
SEM). For recordings from neurons, BCECF free acid was added tohumidified atmosphere at 378C for 7–14 days. Embryonic cultures
the pipette solution at a concentration of 10–100 mM.were prepared using similar procedures as described above, with
the following exceptions: HBSS medium supplemented with 7 mM
HEPES and 0.3% glucose was used for dissection and tituration Acknowledgments
until plating. Trypsin (200 U/ml) was used instead of papain. Cultures
were maintained in N2 medium (MEM [GIBCO] supplemented with We are grateful to D. Gitler, J. Lichtman, and R. Schwartz-Bloom
NaHCO3 [26 mM)] glucose [1.2%], pyruvate [0.1 mM], ovalbumin for commenting on the manuscript. We thank Y. Xu and J. Morgan
from chicken [1 mg/ml], insulin [5 mg/ml], progesterone [20 nM], for providing cultured hippocampal neurons, R. Kuner for help with
putrescin [0.1 mM], and selenium dioxide [30 nM]; all supplements primary embryonic cultures, H. Tokumaru for advice on protein puri-
obtained from Sigma). fication, and R. Y. Tsien for providing a plasmid encoding cyan
Neurons (culture day 1–12) were electroporated in the presence fluorescent protein. Supported by the Feodor-Lynen Program of
of pRK-Clomeleon plasmid DNA via a simplification of the procedure the Alexander von Humboldt Foundation, the Human Frontiers of
described by Teruel et al. (1999). Briefly, 30 ml DNA solution (100–150 Science Organization, and by National Institutes of Health grants
ng/ml) was placed on the coverslip, the electrodes were lowered NS-21624 and NS-34045.
onto the coverslip, and two voltage pulses (200 V/cm, 50 ms, square
pulse) of opposite polarity were applied by a Grass Instruments Received July 11, 2000; revised August 30, 2000.
(Quincy, MA) model S-48 stimulator.
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